Prediction of end-of-life strategies early in design leads to improved eco-efficient product and processes. This paper describes the development of an internet-based tool, End-of-Life Design Advisor (ELDA), that guides product developers to specify appropriate end-of-life strategies.
INTRODUCTION

Motivation
Environmental consciousness is rapidly becoming a fundamental product design focus in a variety of industries, especially in the electronics industry where rapid technology cycles obsolete products at staggering rates. In addition to environmental effects during manufacturing and use of the product, electronics companies must assume responsibility for "retiring" the product at the end of its life. Take-back schemes proposed in Europe, Japan and other regions of the world require producers to address these end-of-life concerns. End-of-life strategies may include a combination of reuse, remanufacturing, primary and secondary recycling, incineration and disposal options. To avoid costly product retirement, designers must identify ideal end-of-life strategies before specifying the structural attributes of the product. The challenge is to guide designers to an appropriate end-of-life strategy using relevant information that is available early in product development.
Overview of Design for Environment
Design for Environment (DFE) incorporates within the 'Design for X' paradigm efforts to reduce life cycle costs and adverse environmental impacts. DFE unites various attributes of standard 'Design for X' considerations. Van Hemel and Keldmann highlight DFE's merging of ethics, immeasurable results, increased need for external relations, added legislative and regulatory concerns, synthesized product and life cycle. 1 DFE covers a wide range of product development activities including choosing appropriate materials, examining the product usage phase to reduce environmental impact, designing for energy efficiency, minimizing industrial residues during manufacturing, designing for recycling and other topics. Design for X tools, 
Figure 2. DFE Activities in Europe categorized by product development viewpoints
Another focal point of Design for Environment is Life Cycle Analysis (LCA) as shown in the previous figures. LCA is an effective tool for determining the environmental, occupational health and resource consequences of the different phases of a product's life. 3 Many research groups are abridging LCA to contribute more effectively to design and manufacturing decisions. For example, CMU seeks to adapt product focused life-cycle assessment to aid in design decisions. 4 Another area of interest within Design for Environment is manufacturing process selection.
Berkeley has a diverse background in this area, including work in printed circuit board process 5 and machining operations. 
Our Research Approach
Over the past three years, the graduate curriculum on Design for Manufacturability included projects that addressed recyclability of various products: an inkjet printer, a digital copier, a 5 vacuum cleaner and a washing machine. This paper highlights technical product characteristics that affect end-of-life strategies such as wear-out life, number of modules, functional complexity and technology cycle. The paper does not address other characteristics such as legislation, infrastructure, supplier and secondary material recycling, since design and manufacturing engineers have limited control over these issues. Evaluation of these characteristics leads to categorization of various products and identification of appropriate end-of-life strategies. The paper also describes the development of End-of-Life Design Advisor (ELDA), an internet-based tool to guide designers to determine the end-of-life strategies. ELDA's goal is to improve decisions made by product designers, recycling technology developers and policy makers.
DESIGN FOR RECYCLABILITY
Within the area of Design for Recyclability, researchers typically focus on decisions made by product designers. Many researchers have described general guidelines to improve recyclability of the products. However, overall recyclability relies on recycling technology developers and policy makers in addition to product designers. This section will overview current efforts in recyclability design, recycling technology development and policy progress.
Recyclability Design
Research activity in recyclability design includes guidelines and methodologies in the following 
Policy Issues
The European Union's proposed legislation establishes targets for collection and recycling for various consumer products. The draft legislation for requiring take back and recycling of products is based on societal concerns about resource, landfill or incineration and lack of control of hazardous substances at the end-of-life phase. As companies realize end-of-life treatment costs of products, industry leaders must determine cost-effective and efficient end-of-life product recovery schemes. 22 MIT's research compares current and emerging sectoral, private, and generic codes of environmental management practice with specific emphasis on Responsible Care, ISO 14000, and CERES. 23 Allenby 24 criticized current policy, citing "policy is ineffectual, even harmful, unless it hears a reasonable resemblance to the underlying phenomena it is intended to address." Allenby suggests closer dialogue between U.S. industries and the government.
DESIGN FOR PRODUCT END-OF-LIFE
Overview of End-of-Life Design Advisor
The End of Life Design Advisor (ELDA) is a web-based tool for evaluating and improving product end-of-life strategies, available at http://dfe.stanford.edu. Case studies have shown that there is a desirable end-of-life strategy for each product depending on several key product characteristics. The initial set of case studies addressed a vacuum cleaner, a digital copier, a washing machine, a deskjet printer, a single use camera and a television. They highlighted characteristics related to external, material, disassembly and inverse supply chain. 25 The key product characteristics identified in this investigation are shown in Table 1 . Appendix 1 shows the actual descriptions used in ELDA. addresses the relationship between modules and the functions the modules perform; a functional complex product has highly dependent modules that support a variety of functions while a product with low functional complexity has modules that independently support the functions number of materials number of different materials number of modules number of subassemblies that are physically detachable and still preserve function number of parts approximate number of parts in the product cleanliness of product as a product is used, different amounts of dirt or filth build up; the more dirt or filth, the more work that has to be done prepare the product for reuse or remanufacture hazards hazardous or unwanted materials that contaminate components that need to be removed before further recycling because of hazards to humans, the environment or contamination of other components size approximate dimensions of the product design cycle the length of time between successive generations of a product or the frequency that a design team redesigns the product or designs a new product that makes the original product obsolete technology cycle the length of time that the product will be on the leading edge of technology before new technology makes the original product obsolete or less desirable replacement life the length of time that elapses before the average user decided to upgrade their product to one with increased functionality reason for obsolescence reason that the product is no longer able to perform its intended function; a product reaches its end-of-life because it is either worn-out or outmoded wear-out life the length of time form product purchase until the product no longer meets the original functions
Goals and Structure of ELDA
The goals of the End-of-Life Design Advisor are:
• to increase designers' environmental awareness.
• to predict end-of-life strategies.
• to assist in decision making.
The current version of ELDA has shown its effectiveness in raising the designers' environmental awareness. The ongoing research investigates predictive models that will allow ELDA to guide designers to define appropriate end-of-life strategies for the product under development.
ELDA first asks designers to evaluate product characteristics illustrated by examples. Users 
Figure 4. ELDA Spider Graph for Inkjet Printer and Vacuum Cleaner
The spider graph compares one set of product characteristics to another, allowing the user to compare and contrast the product with reference products such as vacuum cleaner, digital copier, washing machine, deskjet printer, single use camera, and television.
Increase Awareness
The first goal of ELDA is to make designers aware of the impact of their decisions on end-oflife strategies. The course trial of ELDA involved over eighty product designers and manufacturing engineers. The trial revealed that questions related to technology cycle, reason for obsolescence and number of materials effectively prompt designers to integrate end-of-life issues in their decisions. Table 2 summarizes the product information gathered by ELDA in the course trial. The teams that used ELDA in their projects became aware of potential environmental design improvements. 
Predict End-of-life Strategies
The second goal of ELDA is to guide designers to appropriate end-of-life strategy. The ongoing research seeks to develop predictive model that accomplishes this task. ELDA uses the product characteristics to generate the following end-of-life strategies: reuse, service, remanufacture, recycle (separate or shred) and disposal. The case studies (listed in Table 2 ) drive the correlation between product characteristics and the appropriate end-of-life strategies.
The Classification and Regression Trees (CART) 26 
Figure 5. Preliminary CART Analysis of Product End-of-Life Strategies
Since ELDA targets early stages of design, the authors may alter some characteristics to better address designer knowledge and more reliably predict the end-of-life strategies. Finding the balance between designer knowledge and effective recommendation is an iterative process. The first phase of ELDA data analysis reveals that some characteristics required excessively detailed information (number of parts), information not available to designers (reason for obsolescence) and ambiguous questions (functional complexity). Requiring more generic information, requesting information accessible by designers and clarifying characteristics will improve ELDA.
Assist in decision making
The final goal of ELDA is to contribute technical and technological aspects to decision making process. Several factors influence decisions concerning environmental policy including end-oflife system goals, eco-efficiency requirements, product characteristics, and external factors such as infrastructure, consumer behavior, and legislation. Goal setting for end-of-life systems is complex and should be an appropriate balance between minimizing landfill space, maximizing recycling and controlling hazards. However, few understand that these goals are sometimes mutually exclusive and may not work in parallel. The decision could be different depending on how one implements eco-efficiency principles. ELDA's innovation focuses on incorporating product characteristics to end-of-life policy decisions. ELDA will categorize products based on technical characteristics, leading to more meaningful criteria for end-of-life strategies.
INTEGRATION OF ELDA WITH OTHER RECYCLABILITY TOOLS
This section describes how ELDA compliments other recyclability tools. In the past, designers made arbitrary assumptions about an end-of-life strategy, resulting in ineffective use of recyclability tools. Recycling technology developers advanced the associated technologies for certain products and ignored product diversity. More detailed understanding of product characteristics would enhance the policy related decisions.
Recyclability Design Improvements
Design for Environment guidelines and tools are essential to recyclability design improvements.
However, using guidelines for an incorrect end-of-life strategy will be detrimental to recyclability design. For example, guidelines 27 (show in table 3) for design for material recovery and component recovery will be incorporated into ELDA to help designers focus their recyclability efforts. The reverse fishbone disassembly diagram 28 combines assembly and recyclability information to help designers produce more environmentally friendly products. Knowing the end-of-life strategy will aid designers in building appropriately sized reverse fishbone disassembly diagram. ELDA will guide designers in the proper application of the reverse fishbone disassembly diagram ( figure   6 ). For example, a product with an end-of-life strategy of component recovery, the ideal reverse fishbone disassembly diagram is short with the necessary components removed early. The Recyclability Map focuses on two key factors in the recyclability of subassemblies and modules: the disassembly complexity and the recovery efficiency ( figure 7 ). Successful use of the recyclability map depends on prior knowledge of the fate of all parts for each subassembly analyzed. 29 Identifying the end-of-life strategy helps designers determine the level of disassembly for a given level of recovery efficiency. Using ELDA early in the product development process will improve decisions made in detail design regarding recyclability.
Recycling Technology Development
Recycling technology aims at extracting value from end-of-life products through cascading material streams. Technology can contribute substantially to increase this basic eco-efficiency of recycling systems. Assessing product characteristics upfront and understanding the relationship between end-of-life strategies will help focus the technology improvement effort. 30 A proposed module of ELDA will give guidelines for recycling technology developers based on the categorization of products.
Policy Progress
To optimize environmental gains and minimize costs, legislation of take back and recycling should be tailored to product sectors and types. Preliminary studies show that eco-efficiency is strongly dependent on product characteristics and recycling technology. 31 ELDA will provide available technical information that is relevant for decision making on take back and recycling systems.
ELDA will show how products from different branch organizations can display distinct end-oflife strategies and will contain different modules for geographical regions to account for diversity of take back schemes.
CONCLUSION
The authors present development of ELDA, a DFE tool developed to increase designer 2. Design Cycle: The design cycle is the length of time between successive generations of the product.
The design cycle is the frequency that a design team redesigns the product or designs a new product thus making the original product obsolete. For an automobile, the design cycle is 2-4 years. For inkjet printers, the design cycle is 1 year.
3. Technology Cycle: The technology cycle is the length of time that the product will be on the leading edge of technology before new technology makes the original product obsolete or less desirable.
Typically, the technology cycle is 10-20 years for automobiles. On the other hand, the technology cycle of computers is more like 6 months to 1 year. 4 . Repurchase Cycle (0-20 years): The repurchase cycle is the length of time that elapses before the user feels the need to upgrade their product to one with increased functionality. The repurchase cycle is highly dependent on the type of user, but please try to estimate it for the "average" user. An example of repurchase cycle is automobiles, where an "average" user repurchases an automobile every 5 years.
Reason for Obsolescence:
The reason for obsolescence is why a product is no longer able to perform its intended function. Products reach their end-of-life for a variety of reasons. A product typically reaches its end-of-life because it is worn-out or because it is outmoded. A product is worn-out when crucial components supporting the key functions of the product fail. A product is outmoded when the user feels the functions are not the best on the market due to technology innovation.
6. Functional Complexity: Functional complexity addresses the relationship between modules and the functions the modules perform. Given the modularity of the product, a functionally complex product has highly dependent modules that support a variety of functions. On the other hand, a product with low functional complexity has modules that independently support separate functions.
7. Size: The size is the approximate dimensions of the product. Please classify the products as either hand-held, arm-held or needs a forklift. A digital copier and washing machine require a forklift or hand truck to move them, thus they are considered large in size. An inkjet printer and television (standard)
are medium-sized because they can be carried in the arms. A cellular phone or single use camera are hand-held and therefore small.
Number of parts:
The number of parts is the approximate number of parts in the product.
9. Cleanliness Measure: As a product is used, different amounts of dirt or filth build up. The more dirt or filth, the more work that has to be done to prepare the product for reuse and recycling. The product may provide the function of cleaning dirty materials or may produce a dirty substance during use. For example, a washing machine is designed to remove dirt from clothes while the single use camera does not get dirty from normal use.
10. Number of Materials: For your product, try to count the number of different materials to your best knowledge. A single use camera excluding the film has seven different materials, while an inkjet printer has forty different materials.
Number of Modules:
The number of modules is the number of subassemblies that are physically detachable and still preserve function. The single use camera has 3 modules while the inkjet printer has 5 modules.
12. Hazards: The penalties associated with recycling include hazardous or unwanted materials that contaminate components. Included in this penalty is the need to remove certain materials before further recycling, because of hazards to humans, the environment or contamination of parts. For example, the single use camera batteries are considered hazardous.
